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architectures. [11, 12] The rigid and rich interaction sites such as charges and H-bonds of 1 2 biopolymers are indispensable for structure formation. A rigid chain is more susceptible than 3 4 a flexible chain to orient in response to a mechanical signal. [13] Lateral interactions between 6 7 polymer chains stabilizes the oriented structure. Although each physical interaction is very 8 9 weak, the supramolecular interaction through the summation of directionally controlled 11 12 hierarchical architecture could be very strong. [12] Inspired by nature, we propose a facile 13 14 method by which we can induce spontaneous mechanical signals and tune supramolecular interactions among polymers to create hydrogels with highly aligned self-templated hierarchal 18 19 structures similar to those of the collagen fibril structure in tendons and ligaments. This type with hierarchal structure has high potential in biomedical applications such as artificial 25 26 tendons and ligaments. Our facile method includes drying a piece of diluted physical hydrogel consisting of semi- confined condition method is abbreviated DCC. During drying, the gel shrinks due to the 37 38 39 evaporation of water (Figure 1(II) ). As its two ends are fixed, the width and thickness of the 40 41 hydrogel will shrink, but not the length. Therefore, the gel experiences tensile stress in the Different rigid/semi-rigid linear polysaccharides such as alginate, cellulose, and chitin are 45 46 critical to the morphogenesis and functionality of various hierarchically ordered natural 47 48 materials. [1, 14, 15] Alginate-a biodegradable negatively charged biopolymer originating from 49 50 51 seaweed-bears structural similarity to glycosaminoglycan, one of the major components of 52 53 the extracellular matrix. [1] Alginate forms a physical hydrogel in the presence of divalent Ca 2+ 54 55 56 ions through ionic cross-linking. [16] We chose Ca-alginate gel as one of the model physical 50%DCC-alginate gel was slightly sharper than that of the DCC-alginate gel (Figure 2(c) ). Being a polysaccharide, alginate has many hydrogen bonding sites, which could serve as the 1 2 driving force for fiber formation. To apply DCC method to an alginate system, Ca-alginate gel with diluted polymer 8 9 concentration was prepared by diffusion of 0.5 M Ca 2+ into 4 wt% aq. Na-alginate solution 11 12
(Supporting Information, Figure S1 ). The gel shrunk slightly during gelation. The Ca-13 14 alginate gel-1.5 mm thick and containing ~95 wt% water-was cut to rectangular shape of 15 16 17 size 10 mm × 50 mm, and its two long ends were clamped using a home-made holder, as 18 19 shown in Figure 1 (I). After clamping, the effective length (the part that was exposed to air) of 20 21 22 the sample was 30 mm. The gel was allowed to dry in air (temperature: 25 °C, humidity: 40-23 24 60%). After complete air drying, the gel was re-swollen in water until it reached equilibrium.
26
The final hydrogel prepared was termed DCC-alginate gel. The water contents of re-swollen 28 29 DCC-alginate gels were in the range 56-58 wt% ( Table 1) . This was very close to that of natural ligaments (60-70 wt%).
[17]
The air-dried alginate showed less rehydration ability than starting Ca-alginate gel had no oriented structure ( Figure S1 ) a thick fibrous structure aligned 40 41 along axial direction was observed in the DCC-alginate gel (Figure 2(a-i) ). Each microfiber 42 43 was a bundle of several sub-micrometer-sized fibers (Figure 2(a-ii, iii) ). The sub-micrometer-
46
sized fibers contained several nanometer-sized thin fibers (Figure 2(a-iv, v) ). Thus, at least 47 48 three scales of hierarchical structure were identified. SEM image of the axial cross-section of 50 51 the DCC-alginate gel revealed a similar highly aligned hierarchical structure (Figure 2(a-vi, 52 53 vii)). We also prepared gels by applying 50% pre-stretching on the physical alginate gel while 54 55 56 performing DCC. This gel-termed 50%DCC-alginate gel-also showed three scales of 57 58 hierarchical structure (Figure 2 (b-i, ii) ). The angle distribution of the microfibers of the superstructure size by varying the degree of pre-stretching during DCC. We could not pre-13 14 stretch more than 50% for alginate gel as the gel broke after some time during the DCC 15 16 17 process. Microfibers of both DCC-alginate and 50%DCC-alginate gels could be considered 18 19 perfectly aligned as the maximum deviation of fibers with respect to the axial direction was only 2° (Figure 2(c) ). To the best of the authors' knowledge, this was the first success in
24
obtaining alginate hydrogel with hierarchical fibrous structure and perfect alignment of fibers.
26
We investigated the structure of a gel prepared by normal drying (ND) (without confinement) microstructure was observed in the ND-alginate gel (Figure 2(e-i, ii) The mechanical performances of gels prepared by the DCC method were better than those of 12 13 the ND-alginate and initial Ca-alginate gels (Figure 2(f) ). observed almost perfectly aligned microfibers, the nanofibrils were still not fully stretched.
42
When stretched, the nanofibrils might break bonding with other nanofibrils to show high could not stretch more, leading to fracture at low strain. Cyclic loading-unloading test was performed to find out if an energy dissipation mechanism were recovered (Figure 2(i) ). This indicated that the sacrificial bonds were almost reversible.
7
Both ionic and hydrogen bonds serve as reversible sacrificial bonds to toughen the hydrogels. We further observed the progress of hierarchical fibrous structure formation of alginate gel in slowly as the DCC process progressed. The final structure remained stable upon re-swelling.
60
The air-dried gel swelled in the width and thickness directions with dimension ratios of 1. process. (f) Corresponding SEM images of these three samples after being re-swollen in water.
13 14
To clarify the mechanism of oriented-structure formation, we measured the axial contraction force of the gel generated during DCC process using a tensile tester. As shown in Figure 3( speculation, we prepared two DCC-alginate hydrogels by performing the DCC process for process for 180 min returned to its original shape and water content (Figure 3(e) ) after re-50 51
swelling and no oriented structure was identified (Figure 3(f-i) ). The water content of DCC-52 53
alginate gel prepared at 250 min did not change much after re-swelling (Figure 3(e) ) and the 54 55 56
gel possessed aligned nanofibril structures (Figure 3(f-ii) ). The re-swollen gel of the sample 57 58
with complete air-drying (time > 300 min) contained thick micrometer-sized fibers consisting 59 60 61
of nanofibrils (Figure 3(f-iii) ). These results indicated that the abrupt transition in the force vs. The above results showed that DCC drying produced different structures from normal 8 9
isotropic drying. In the DCC method, the gel was contracted along the width and thickness 11 12
directions. Contraction in length direction was prevented by clamping (Table S1 ). Due to 13 14
anisotropic contraction, the gel was effectively stretched along the length direction as drying direction during DCC (Figure 3(d) ). Due to this force, the polymer was progressively
oriented along the axis (Figure 3(a, c) ). When the polymer density reached its fibril forming discoveries. Osorio-Madrazo et al. [19] described drying-induced alignment of cellulose 45 46 nanowhiskers in agarose hydrogels. Sehaqui et al. [20] described the orientation of cellulose drying methods and our method was that, we applied DCC in a physical hydrogel with diluted To verify the generality of the DCC method, we applied this method to another physical 8 9 hydrogel from cellulose. Unlike Ca-alginate gel, the physical cellulose (p-cellulose) gel was 11 12
solely based on H-bonding, which is a major supramolecular interaction found in biological 13 14
systems.
[12]
In principle, H-bonding of a low density physical cellulose gel should be tunable by the DCC method to create a superstructure similar to that of the alginate system. SEM
19
images indicated that ND-cellulose gel had no ordered microstructure (Figure 4(a-i, ii) ). The strain from 0% to 50% and 100% (Figure 4(b-d) ). Nanofibrils in in pre-stretching strain ( formation led to the increase in the strength with the increase in pre-stretching, which was 57 58 similar to that observed in the alginate system. The decrease in the stretchability with the 59 60 61
increase in pre-stretching was attributed to the increased extension of the conformation of An interesting difference between cellulose and alginate systems was that fracture strain of 8 9
the DCC-alginate gel increased relative to its non-oriented counterpart (ND-alginate) but pre- by estimating the hysteresis area in relation to the total work for deformation. As shown in
41
Figure 4h, the alginate gel system systematically showed larger ratio of hysteresis area to 42 43 total work, indicating the presence of more sacrificial bonds in the alginate system.
46
Maintaining a balance between structural and dynamic natures of sacrificial bonds was 47 48
important to obtain both strength and toughness of the material. The mechanical properties of 50 51
cellulose and alginate gels obtained by DCC were comparable with those of natural 52 53
ligaments.
[18]
This method offers an opportunity to tune the structural alignment and persistence length of PVA was shorter than that of cellulose. [25, 26] As observed from SEM 11 12
images, no oriented structure was formed in 100%DCC-PVA gel ( Figure S3 ). To conclude, drying a highly swollen physical hydrogel comprising rigid/semi-rigid polymer Supporting Information is available from the Wiley Online Library or from the author. clamping device for the DCC method. Received: ((will be filled in by the editorial staff))
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Published online: ((will be filled in by the editorial staff)) 30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 overnight. To prepare Ca-alginate gel, reaction cell was first prepared by sandwiching two for solution insertion. Half of the reaction cell was filled with 4 wt% Na-alginate solution. 0. 5 48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 several times to obtain p-cellulose gel (thickness ~1.5 mm). ND-cellulose gel was prepared by drying and re-swelling a piece of p-cellulose gel in air. DCC-cellulose, 50%DCC-cellulose, and 100%DCC-cellulose gels were prepared by applying DCC to p-cellulose gel (thickness:
1.5 mm, width: 10 mm, length between two confined ends: 30 mm) with initial elongations of 0%, 50%, and 100%, respectively. in confined condition) on Ca-alginate gel, both ends of a sample of ~1.5 mm thickness and 10 6 7 mm width were clamped using the device shown in Figure 1(I) . The distance between the 40-60%) to dry. After complete air drying, the gel was taken out of the device, the clamped 13 14 part cut from both ends, and the dried sample placed in water to re-swell. This re-swollen gel Physical cellulose gel (p-cellulose) was prepared from filter paper as per a previously 30 31 reported [1] procedure with slight modification. Cut filter paper sheets were sequentially 47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 coated with gold using an ion-sputtering device (E-1010, Hitachi, Japan). The shapes and volumes of the samples were not changed after freeze drying.
Water content
The water contents of the gels were measured from the differences in weight of sample before and after freeze drying. Physical PVA (p-PVA) hydrogel was prepared from PVA polymer according to a previously 3 4 described procedure. water to obtain ND-PVA gel. To prepare 100%DCC-PVA gel, a piece of p-PVA gel was The structures of the gels were characterized by polarizing optical microscopy (POM, Nikon, Tensile tests of all the alginate and cellulose hydrogels were conducted in air at room 6 7 temperature (25 °C) using a commercial mechanical tester (Autograph AG-X, Shimadzu Co., 8 9 Japan). Rectangular gels ~10 mm in length were used. The tensile speed was 10 mm/min.
12
Three samples were used for each tensile test. Cyclic loading-unloading test was carried out 13 14 for alginate and cellulose gels up to 20% strain. The waiting time between cycles of each test 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46   1   46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45 49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   25 Table S1 . Dimensional changes in length, width, and thickness directions of Ca-alginate gel 1 (water content ~95 wt%) after DCC along the central axis. 
